ABSTRACT Compared with the investigation of geomagnetically induced currents (GIC) in power grids, there is less study about the effect of geomagnetic disturbance (GMD) on buried oil and gas pipelines in mid-low latitude areas, which includes GIC and pipe-to-soil potentials (PSP) effects. Therefore, it is of great significance to research the GMD effect in the mid-low latitudes. For this purpose, we performed the observation experiments on GMD influencing the GIC and PSP in China's oil and gas pipelines. The data of GIC and PSP in the pipelines are obtained, which do not pertain to the characteristics of the geomagnetic storms caused by solar activity, as well as the GIC and PSP monitoring data deriving from geomagnetic storm on May 21, 2016. By analyzing the characteristics of waveform, frequency and phase of the geoelectric fields data from Lingyang Geomagnetic Observatory (35 • 32 N, 118 • 52 E) 60 km away in northeast from the pipeline observation site, the study corroborated that GIC and PSP variations are driven by tidal geoelectric fields (TGF) during the geomagnetic quiet days in this paper. The mechanism of GIC generated by tidal geoelectric field is analyzed. Likewise, an analysis of GMD data from the Maling Mountain Geomagnetic Observatory (34 • 42 N, 118 • 27 E), the GIC and the PSP have been done, it is illustrated that the GIC and PSP effects are caused by TGF and geomagnetic storm induced geoelectric field together during a geomagnetic storm. The results demonstrated that, near large areas of water, the effect of tidal geoelectric field on pipeline corrosion is persistent and serious. TGF impacts the calculation accuracy of GIC in pipelines and PSP. Therefore, we should account for the errors caused by TGF when calculating GIC and PSP in pipelines near seashores and a large body of water.
I. INTRODUCTION
With the rapid development of the scale of technical systems such as power grids, oil-gas pipelines and railways, the influence and protection of electromagnetic interference on these systems have become an important research topic [1] - [3] , among which the influence of geomagnetic disturbances (GMD) caused by geomagnetic storms is a frontier issue [4] , [5] .
At the high latitudes, such as, North America and Scandinavia, the amplitude of GMDs induced by magnetic storms is commensurate higher. Therefore, the investigation on the effect of geomagnetic induced current (GIC) and the pipe-soil
The associate editor coordinating the review of this manuscript and approving it for publication was Wenjie Feng. potentials (PSP) produced by geomagnetic storm on underground pipelines have been carried on earlier there, many experimental results have been obtained [6] - [9] . Boteler et al. have established the theoretical calculation model of pipeline using the distributed source transmission line (DSTL) theory, hence the distribution rule of the GIC and PSP are obtained [10] - [14] .
The conclusions of the research in the direct driving sources of geoelectric field and GIC in pipelines shows that the GMD in high latitude areas is related to auroral electrojet. Therefore, the intensity of GMD generated by solar activity is large near the Antarctica and Arctic. Accordingly, the interference of GMD in pipelines and other ground technology systems is a massive problem at high latitudes [15] - [17] . Furthermore, there is no exact explanation for the large fluctuation of GIC in pipelines of some regions when the solar wind activity is weak.
Compared with the high latitudes, the GMD in the middle and low latitudes is weaker. So the research on GIC of pipeline generated by geomagnetic storms is carried out relatively late in China. However, the geoelectric structure of China is complicated, the investigations of the impact of GMD on power grid system demonstrate that GIC has a great impact on China's power systems, the smaller the DC resistance of the conductor is, the larger the GIC in the power grid generated by the GMD will be; the higher the voltage level is, the greater the risk of power grid will be [18] - [20] . With the scale of oil and gas pipelines rapidly increasing in China, the resistance of pipelines decreases because the diameter of pipelines increases. In addition, accompanied by the integrated energy system putting forward in recent years [21] - [24] , requirements for the safety of pipeline operation is becoming higher and higher. Thus, the effect of GMD on buried pipelines has become an extremely important research topic in China.
To provide a basis for investigating the corrosion effect of geomagnetic storms and making protection decision, we have carried out an observation experiment for GIC and PSP in pipelines of Shandong Province of China in 2016. Through the data analysis, the GIC and PSP data that do not conform to the characteristics of geomagnetic storms in a coastal oil pipeline have been found firstly, the same disturbance is also found at other observation sites near the seaside. The geoelectric field data obtained by Lingyang Geomagnetic Observatory (35 • 32 N, 118 • 52 E) at the geomagnetic quiet time, which is 60 km away in northwest of the oil pipeline, are used to elucidate that the GIC and PSP offset during the geomagnetic quiet period are caused by tidal geoelectric fields (TGF). Furthermore, the geomagnetic field data of Maling Mountain Geomagnetic Observatory (34 • 42 N, 118 • 27 E) which is 137 km southwest of the observation site are acquired to illustrate that the TGF impacts the calculation accuracy of the geoelectric field under the geomagnetic storm.
II. COLLECTION OF GEOELECTRIC FIELD DATA
Firstly, in order to illustrate the characteristics difference of the GIC and PSP in coastal pipeline and inland geoelectric field, the geoelectric field data obtained by geomagnetic observatories in inland China are collected.
The geoelectric field of different latitudes in China is measured by Meridian Engineering Data Center using the geoelectric field meters since 2010. The geoelectric observatoriton sites are Nongan Observatory, Jiufeng Observatory, Manzhouli Observatory, Pixian Observatory, Zhaoqing Observatory. The locations of these observatories are shown in Fig. 1 . The geoelectric field data monitored by these Observatories is shown in Fig. 2 , the temporal resolution is 1 minute, the horizontal ordinates are unified to the universal time (UT). 
III. OBSERVATION SCHEMES OF GIC AND PSP OF BURIED PIPELINES A. GIC FLOW PATH IN PIPELINE
In order to restrain the corrosion caused by stray current, insulated coating and grounding resistance for drainage are usually installed in the buried pipeline. The standard stipulates that the resistivity of the insulating coating is not less than 10000 · m 2 [25] , so the coating can be regarded as the large resistance. The induced electric field of pipeline which related to the rate of change in geomagnetic field creates a GIC through the closed loop composed of pipeline steel wall, insulating coating, coating defect and grounding device. Majority of GIC flows into the ground from coating defects, which increases the current density and causes corrosion at the defects. The potentiostat in the cathodic protection station outputs a current to pipeline, which can compensate the GIC according to the offset of PSP. The flow path of pipeline current is shown in Fig. 3 .
B. OBSERVATION SCHEME OF PIPELINE
As shown in Fig. 3 , there are two kinds of current components in the pipeline, one of them is the compensation current (Ic) output by the potentiostat, the other is the GIC. To monitor the GIC, Ic and the current flowing in the pipeline (Ip) need to be measured simultaneously. GIC can be expressed as IG = Ip-Ic. The magnitude of GIC and PSP offset can reflect the corrosion situation of pipeline. In view of the difficulty of installing the monitor in buried pipelines, two Hall sensors have used to synchronously measure the Ic and the current in jumper wire in the cathodic protection station. The current 87470 VOLUME 7, 2019 in the jumper wire is equal to Ip as shown in Fig. 4 . At the same time, Hall voltage sensor is installed to detect the PSP. The structure diagrammatic sketch of the cathodic protection station and the installation of the GIC-PSP monitor is shown in Fig. 4 .
Rizhao City is located at the seaside. Because the coast effect of geomagnetic storms and the influence of tides, the pipeline in this area is seriously disturbed by geomagnetic field. 
A. THE DRIVEN SOURCE OF GIC IN GEOMAGNETIC QUIET PERIOD
The Fig. 6 illustrated that the waveform characteristic of GIC and PSP is almost the same as that of East-West component of geoelectric field in Lingyang. Ignoring the variation of the data in geomagnetic storm period (04:00 ∼ 13:00 May 21), all of the curves conform to the law of approximate sinusoidal periodic fluctuation. The correlation coefficient between East-West component of geoelectric field and GIC, PSP are respectively 0.75 and 0.81, which can be calculated by the formula as follow:
The cov(A, B) is the covariance of A and B, σ A is the standard deviation of A, σ B is the standard deviation of B. GIC and PSP are apparently driven by the geoelectric field with approximate sinusoidal periodic properties.
Dacheng Tan et al. have researched in the mechanism of the generation of tidal geoelectric field [26] - [28] . The results show that the type-A tidal geoelectric field (TGF-A) is generated by the alteration of cranny water periodic transfusion in the rock due to stress change. At the same time, the theory of tidal generator indicates that the B-type tidal geoelectric field (TGF-B) is closely relate to the S q current produced by air tide. It generates induced electric field on the surface of the earth. Under the action of TGF, an induced electric field is generated in the buried pipeline, it causes the GIC through a closed loop formed by steel wall of pipeline, insulation coating, coating defect and pipeline grounding electrode, this mechanism process is shown in Fig. 7 .
According to previous statistical data of more than 100 Geomagnetic Observatories, TGF-A basically distribute near the large area of water, elucidated that the curves of TGF-A changed approximately with stable sinusoidal fluctuations near the large body of water in China [26] . Lingyang Geomagnetic Observatory and Rizhao city are located at the seaside, their hydrological factors satisfy the formation conditions of TGF-A. The waveform characteristic of the Lingyang geoelectric field, GIC and PSP in Rzhao pipeline is same to that of TGF-A. TGF-B widely distributes in areas with high water content and good permeability, it presents approximate trapezoidal waves because its variation amplitude around noon conforms to the approximate sine law and there is less variation in other phases of a day, the geoelectric field data of Nongan Station, as shown in Fig. 2(a) , can be regarded as a typical TGF-B. By considering the possible influences on pipelines such as the hydrological conditions of Rizhao and the artificial technology systems including mine electric traction train and power transmission system, it is preliminarily identified that the variations of GIC and PSP of the Rizhao pipeline are driven by the TGF-A during the geomagnetic quiet period. In order to prove this inference, the analysis of the frequency characteristic and the phase characteristic of TGF-A as well as the observation data are made as follow.
B. FREQUENCY CHARACTERISTIC ANALYSIS
The research results in [26] showed that the frequency of the first and the second order harmonic with strongest TGF-A amplitude belong to the collection 1.2×10 −5 Hz, 2.3×10 −5 Hz, 3.5×10 −5 Hz, 4.6×10 −5 Hz and 5.8×10 −5 Hz. Using the discrete Fourier transform, the spectrum diagram of the East-West components of Lingyang geoelectric field is obtained as shown in Fig. 8 , which indicated that the first two order harmonic frequency with the strongest amplitude is 2.3×10 −5 Hz and 1.2×10 −5 Hz respectively. This results reveals that the frequency characteristic of geoelectric field in Lingyang is coincide with that of TGF-A. 
C. PHASE CHARACTERISTIC ANALYSIS
With the relative motion of the Earth and the Moon, the tidal force ( f ) of a particle on the Earth varies at different time, as shown in Fig. 9 (a) . When the particle moves to A or E, f is the smallest. When it moves to C or F, f is the largest.
When it moves to B or D, f is parallel to the surface of the Earth. Therefore, the amplitude of f presents an approximate sinusoidal variation in low and middle latitudes as shown in Fig. 9 (b) . Rock fissure flow pipes near large areas of water are connected with the water area as shown in Fig. 9 (c) . There are a large number of water columns in the pipes, the fissure water percolates for a long time and subjects to the common pressure of the water area and air in the fissure. It is assumed that the pressure on both sides of the water columns is P 1 and P 2 respectively. The pressure difference ( P = P 1 -P 2 ) follows the variation of the f . According to the analysis of Fuye Qian et. al., the driving force of seepage process mainly is P [29] . The current velocity (q r ) of the solution in the rock fissure depends on the pressure difference ( P) and the viscosity coefficient (µ) of the solution, its expression can be written as [30] :
r is the distance between the center of rock fissure and the compact layer, r 0 is the distance between the center of rock fissure and the negative ion layer (the wall of the fissure), r = r 0 − r is the thickness of the electric dipole layer (the distance between the capacitor polar plates). The positive direction of x in the equation is the direction of the liquid flow.
If the rock fissure in Fig. 9 (c) is approximately regarded as a charged cylindrical capacitor, the electric quantity Q of per unit length of the capacitor can be expressed as [30] :
C is the capacitance of a cylindrical capacitor, u is the potential difference of the electric dipole layer (the potential difference between the two polar plates of the capacitor), ε is the dielectric constant of the medium, ε 0 is the vacuum dielectric constant.
Thus, the current (I ) whose direction is opposite to the direction of liquid flow is [30] :
The current density (J ) is:
Because J = E 0 /ρ, the filtering electric field E 0 can be calculated as [30] :
ρ is the resistivity of the solution. The filter potential (u) can be calculated by the integral of the formula (8):
Thus, u can be obtained as follow:
k = ε 0 ε µ. k can be obtained by experimental method. For general rocks, k ≈ 0.77 [30] . At 20 • , the formula (10) can be simplified as follows:
The filtering electric field (E) observed on the ground is related to the properties of the upper and lower rock stratum of the filter layer. It is supposed that the filter layer is covered with conductive layer with resistivity of ρ 1 and thickness of h 1 , the resistivity of the filter layer is ρ 2 and thickness of h 2 . Underneath the filter layer is nonconductive rock. The expressions of E is as follow [30] :
E 0 is the filter electric field without covering layer, µ 0 is the potential at x = 0, S 2 = h 2 /ρ 2 is the longitudinal conductance of the filter layer, S = h 1 /ρ 1 + h 2 /ρ 2 is the longitudinal conductance of the layer combined by filter layer and the cover layer.
When ρ 1 , h 1 , ρ 2 and h 2 are unchanged, E is proportional to E 0 . The E 0 follows the variation of u, so the E follows the variation of the P. In other words, the E follows the variation of the f .
In Fig. 9 (a), the particle ( m) on the meridional plane of the earth is acted by both the gravitational force (F 1 ) of the Moon and the inertial centrifugal force (f ). The mass of the moon (without considering the radius) is M , the radius of the Earth is R, the distance between the Moon and the Earth is 60.3R, the gravitational constant is G. The angle θ and α are shown in Fig. 9 (a) , in which θ ranges from 0 • to 360 • and α from 0 • to 90 • . In order to solve the tidal force f , the deductions can be made as following [27] :
According to the geometric relationship in Fig.9 (a), we can see that:
sin α = 60.3 sin θ − 1 (60.3 2 − 120.6 sin θ + 1) 1/2 (14) the tidal force f can be written as:
60.3 2 −120.6 sin θ +1 The tidal force of Rizhao calculated using (15) is shown in Fig. 6 (d) . The occurrence time and the value of the crest and trough of tidal force f , Lingyang geoelectric field E, GIC and PSP are shown in Table 1 . It can be seen that the occurrence time of tidal force have a good correlation with that of Lingyang geoelectric field, pipeline GIC and PSP. The deviation between 04:00 and 13:00 on May 21 are caused by geomagnetic storms.
In summary, the characteristic of waveform, frequency and phase of GIC and PSP obtained from the observation site in Rizhao are basically consistent with the characteristic of TGF-A. Therefore, the GIC and PSP offsets of pipelines in Rizhao area during geomagnetic quiet period are driven by TGF-A.
V. INFLUENCE OF TGF ON GIC AND PSP

A. MAGNITUDE ANALYSIS OF GIC AND PSP PRODUCED BY TGF-A
As shown in Fig. 6 (b) , the GIC of observation site caused by TGF-A reaches the trough at 16:00 daily and then rises gradually to crest after about 6 hours, and returns to the trough again about 10:00 next day. The variation in the afternoon is similar to that in the morning. The crest and trough values of GIC in Table 1 indicated that the magnitude of GIC in quiet period ranged from 3.07 A to 6.65 A. Fig. 6 (c) showed that the curve of the PSP was similar to the one of the GIC. The two sets of data had apparent correlation with coefficient 0.9341. So the fluctuation characteristic of PSP was also consistent with the tidal force. The peak and valley values of PSP in Table 1 showed that the PSP values in quiet period ranged from −0.49V to −0.25V. The Reference [32] stipulates that DC current interference can be confirmed when PSP is positively offset by 20 mV. The drainage or other protective measures must be taken when PSP is positively offset by 100 mV. Fig. 5 shows that the positive offsets of PSP driven by TGF-A can exceed 100 mV. Tidal geoelectric field is a kind of continuous natural electric field, so the pipelines need to take long-term drainage measures to prevent the impact of TGF-A.
B. THE EFFECT OF TGF-A AND GEOMAGNETIC STORMS ON THE PIPELINE
Because the influence of geomagnetic storm is global, in another words, GIC and PSP of the oil and gas pipeline network all over the world will respond to the geomagnetic storm when it occurs. The influence of TGF-A is concentrated near large body of water. Therefore, the GIC and PSP of Rizhao Pipeline are produced by the interaction of geomagnetic storms and TGF-A during magnetic storms.
In order to compare the contribution of TGF-A and geomagnetic storms to GIC and PSP in pipeline, the monitoring data of Maling Mountain Magnetic Observatory are selected as a reference. As shown in Fig. 1 , Maling Mountain is farther from the coastline compared to Lingyang, the distance between Maling Mountain and the coastline is about 70 km. Both Maling Mountain and Rizhao are located to the east of Tancheng-Lujiang fracture zone, there is no variation of lateral ground conductivity between them. So it is considered that the geoelectric stratified structure of this two areas are the same as shown in Table 2 . Based on the Table 2 and the plane wave theory [33] , the geoelectric stratification model of Malingshan area is established. The geomagnetic field data of Maling Mountain Geomagnetic Observatory are used to calculate the geoelectric field of this area from May 18 to 23, 2016, as shown in Fig. 10 . Fig. 10 Fig. 10 (a) and (c), it can be seen that the magnitude of the geoelectric field E is related to the change rate of the E-W component of the geomagnetic field. The larger the decline rate of the geomagnetic field is, the larger the E is, which then drive currents in pipeline.
A GMD caused by geomagnetic storm (Kp = 5) occurred at 04:00-13:00 May 21, 2016 (UT). When the effect of TGF-A is neglected, the GIC and PSP of the Rizhao pipeline during 04:00-13:00 May 21, 2016 are calculated according to the DSTL theory and the calculated geoelectric field in Fig. 10 (c) . The results are shown as the red waveform in Fig. 11 (a) and (b) . In order to obtain the calculation error, the monitoring results of GIC and PSP of Rizhao pipeline in the meantime are provided as shown in Fig. 11 (blue waveform). Comparing the results of calculation and monitoring, it can be seen that, because the GIC during geomagnetic storm is caused by TGF and GMD jointly, neglecting the effect of TGF-A would bring great errors to the calculation results of the GIC and PSP.
According to the data in Table 1 , when the geomagnetic storm occurred, the GIC is larger than that during the geomagnetic quiet period. The GMD of geomagnetic storm make the GIC and PSP reach the peak earlier. The GIC offset from the trough to the peak increased from 2.01 A on May 20 to 4.82 A. the PSP maximum increased from −0.46 V to −0.27 V, and the largest positive offset reached 0.33 V which is beyond the that in geomagnetic quiet period. According to Faraday's law of electrolysis, the corrosion quantity can be written as:
M c represents the corrosion quantity, K is the electrochemical equivalent, for steel pipelines, its value is 0.6943 g/A·h. I represents the GIC here, t is the actuation duration of the GIC. It can be seen that the corrosion quantity is not only related to the magnitude of GIC, but also to the action time.
According to statistics, a geomagnetic storm can last from a few hours to a few days. The geomagnetic-storm day is, on average, no more than 50 days every year for a solar cycle 11 years. In the area effected by TGF, whether it is TGF-A or TGF-B, the geoelectric field produces GIC and PSP offset continuously. Compared with the occasional geomagnetic storms, the TGF can undoubtedly lead to higher corrosion quantity.
VI. CONCLUSION
Through the observation experiments about the impact of geomagnetic storms on oil-gas pipelines, this study discovered that TGF can also cause GIC and PSP in pipelines. The GIC caused by TGF varying from 3.07 A to 6.65 A. The PSP offset derived from TGF exceeded the maximum stipulated by national standard. So the TGF can accelerate the corrosion for pipelines. During geomagnetic storms, geoelectric field and GIC in pipelines are produced by the superposition effects of geomagnetic storms and tidal geoelectric field. So the geomagnetic storm will bring more serious interference to buried pipelines. However, the previous calculations of the geoelectric field and the GIC did not take the TGF into account, it would impact the calculation results and cause large errors, especially in the areas near the large body of water.
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